somy 21 was more common in LGEA than in non-LGEA. 25% of LGEA patients had an isolated EA diagnosis without other anomalies, compared to <1% for non-LGEA. Chromosomal microarray analysis showed copy number variations (CNV) in 4 of 39 non-LGEA patients and 0 of 3 LGEA patients. A review of the ClinGen database showed that none of those CNV have been previously described with EA. Conclusions:
Introduction
Esophageal atresia (EA) is a congenital defect wherein the upper esophagus ends in a blind pouch and is not connected to the lower esophagus. EA is often associated with a tracheoesophageal fistula (TEF) that represents an abnormal opening between the trachea and the esophagus [1] . There are several classification schemas for EA, one of which divides EA into long-gap EA (LGEA) and non-LGEA, critical in the surgical repair approach.
LGEA is defined by a gap length >3 cm between the upper and lower esophageal segments or more than 2 vertebral bodies making the gap too big to repair by primary anastomosis [1] [2] [3] [4] [5] [6] . This distance ultimately delineates the timing and ease of repair.
LGEA does not have a distal TEF, and it may or may not have a proximal TEF [1] [2] [3] [4] [5] [6] .
LGEA is associated with a high morbidity, and there is a lack of consensus regarding its surgical management. Foker et al. [2] described the utilization of external traction sutures to promote in vivo growth through tension-induced lengthening, and subsequent delayed primary repair, potentially avoiding the need for interpositions [2, 3] .
The developmental events leading to EA are poorly understood and may involve multifactorial gene-environment interactions with heterogeneous genetic contributions. Single gene mutations have been identified only in rare cases, and the exact genetic etiology remains largely unknown [7] . We reasoned that classifying EA patients into similar phenotypic categories might improve the likelihood of identifying the biological events leading to aberrant organogenesis. Given that our institution is a center that encounters a high volume of LGEA patients, we sought to ascertain the differences between LGEA and non-LGEA patients, in particular differences between rates of associated clinical/phenotypic conditions and syndromes and molecular genetic aberrations.
Materials and Methods

Patient Enrollment and Data Collection
This study was approved by the Boston Children's Hospital's (BCH) Institutional Review Board. We reviewed medical information on all EA patients managed and followed at our institution from 2005 through 2015 via a collaborative effort between the BCH-based Gene Discovery Core of the Manton Center for Orphan Disease Research and the EA Multidisciplinary Treatment Team. Patients were evaluated in both inpatient and outpatient settings.
Clinical data collected included sex and primary diagnosis, as well as the presence of esophageal, cardiac, renal, limb, spinal, anorectal, or other malformations. For the purpose of the current study, EA patients were considered to have LGEA when a primary anastomosis was not possible due to the length of the gap between the upper and lower esophageal segments as described earlier [1] [2] [3] [4] [5] [6] . Disorders of the esophagus were further classified as follows: (1) LGEA without a TEF, (2) LGEA with a proximal TEF, (3) non-LGEA with a distal TEF or type C EA, (4) non-LGEA without a TEF, and (5) TEF without EA (H-type TEF). Anomalies that specifically occur within VACTERL were recorded; those who had at least 3 of those anomalies were characterized as having VACTERL. Other anomalies and syndromic associations were also recorded.
Chromosomal Microarray Analysis
During the study period, an in-house chromosomal microarray analysis (CMA) was performed as follows: whole genome oligonucleotide array comparative genomic hybridization arrays (Agilent 244K G4411B; Agilent Technologies, Palo Alto, Calif., USA) were used to detect copy number variations (CNV). Beginning in 2011, samples were tested with a custom Agilent 4x180K array designed for whole genome coverage. Both arrays were able to detect CNV greater than 35-50 kb throughout the genome. Images were captured by an Agilent scanner and quantified using Feature Extraction software (v9.0). CGH analytic software (v3.4) was subsequently used for data normalization, quality evaluation, and data visualization. Copy number aberrations were identified using the ADM-2 (aberration detection method 2) algorithm. For patients without in-house CMA testing, records from outside testing were procured when available. Detected CNV were analyzed in the ClinGen database to determine any associations with foregut malformations.
Statistical Analysis
Comparisons of proportions were made regarding the incidence of VACTERL between the LGEA and non-LGEA groups, as well as specific phenotypes, using Fisher's exact test. The distributions of the number of phenotypes between LGEA and non-LGEA groups were compared using Pearson's χ 2 test. Statistical analysis was performed using the IBM/SPSS software package (version 22.0; IBM, Armonk, N.Y., USA). Two-tailed p values <0.05 were considered statistically significant. The sample sizes of 69 LGEA and 160 non-LGEA patients provided 80% power to detect effect sizes based on 20% group differences in the percentage with VACTERL and each phenotype using a 2-group Fisher's exact test (nQuery Advisor version 7.0; Statistical Solutions, Cork, Ireland) [8, 9] .
Results
During the study period, 229 patients were identified to have EA. Sixty-nine (30%) had LGEA, while the remaining 160 were classified as non-LGEA (70%). Fiftythree percent of all EA patients were males. The relationship between TEF and EA is summarized in table 1 . One 142 hundred fifty-three (67%) individuals had non-LGEA with a distal TEF (type C EA), while 48 (21%) had LGEA without a TEF, 21 (9%) had LGEA with a proximal TEF, 5 (2%) had an H-type TEF without EA, and 1 (0.4%) had non-LGEA without a TEF ( table 1 ) .
Of the entire EA cohort, 129 (56%) patients met the criteria for VACTERL association. The VACTERL association was significantly more common in non-LGEA patients than in those with LGEA (112 or 70 vs. 17 or 25%; p < 0.001). In those 129 patients with VACTERL, the number of associated anomalies ranged from 3 to 7 (with 7 being the full complement of all associated anomalies). TEF was the most common (occurring in 94% of EA + VACTERL patients), closely followed by cardiac (in 78%), vertebral (in 63%), and renal (in 62%) defects.
Patients with LGEA were more likely than those with non-LGEA to have isolated EA with no other anomalies (25 vs. 1%; p < 0.0001). The most common anomalies seen in LGEA patients were cardiac (44%), TEF (30%), and renal and vertebral (25% each). In contrast, the anomalies often present in non-LGEA patients were TEF (99%) and cardiac (68%) and vertebral (45%) defects ( fig. 1 ) . The presence of VACTERL defects (vertebral, anal, cardiac, tracheoesophageal, renal, and limb defects that include poorly developed or missing thumbs or underdeveloped forearms and hands) were statistically more common in the non-LGEA group compared to the LGEA group ( fig. 1 ). Non-VACTERL anomalies including other limb defects (leg length discrepancy, tibial abnormality, and femoral anteversion), conus defects (tethered cord and fatty filum), gastrointestinal anomalies (duodenal atresia, malrotation, and annular pancreas), facial defects (cleft lip and/or palate), and hydrocephalus were seen in both LGEA and non-LGEA patients. Conus and non-VACTERL limb defects were present more often in non-LGEA patients. Examining the types of cardiac defects more closely, we did not find a difference in the frequency of a concurrent diagnosis of aortic arch anomaly or septal defects in LGEA patients compared to non-LGEA patients ( table 2 ) .
EA occurred as part of a known genetic or chromosomal syndrome in 22 patients. The presence of an associated known genetic or chromosomal syndrome was significantly higher in LGEA patients than in non-LGEA patients (20 vs. 5%; p = 0.001). Trisomy 21 was a common chromosomal defect in LGEA patients (9/69, vs. 1/160 in non-LGEA patients; p < 0.0001). In contrast, 2 cases each of CHARGE syndrome due to the CHD7 mutation, and trisomy 18, were only seen in non-LGEA patients.
In addition to investigating EA as part of known genetic and chromosomal syndromes, we also examined CMA data to identify any associations between EA and CNV. Of the 42 CMA test results available from the entire cohort, only 4 were noted to have a CNV. All of the detected CNV occurred in non-LGEA patients and were of parental origin. No available evidence demonstrates an association between the CNV observed here and foregut malformations.
100
LGEA (9) Values are presented as numbers (%). VSD = Ventricular septal defect; ASD = atrial septal defect.
a Three patients had no cardiac documentation. b Includes abnormalities of the aortic arch and/or vessels entering into it. c Includes hypoplastic left heart syndrome and valvular stenosis. LGEA Is a Unique Entity 
Discussion
In the largest retrospective cohort study yet of phenotypic variation in patients with LGEA, we stratified patients with EA according to the presence or absence of LGEA and then characterized these patients for associated congenital anomalies, syndromes, and CNV. Our goal was to determine whether the LGEA and non-LGEA phenotypes had similar presentations (except for the gap length that defines them), which would suggest a common defect in developmental programming. We observed that, compared to non-LGEA cases, LGEA cases are less likely to have a TEF and present as a VACTERL association, and they are more likely to occur as an isolated anatomical abnormality and have trisomy 21. To further test whether this finding is unique to LGEA, we divided our cohort into patients with and without TEF and asked whether there were differences in the associated anomalies. In contrast to the case with LGEA, we found no significant differences between TEF and non-TEF patients in any of the VACTERL anomalies (vertebral, p = 0.05; anorectal, p = 0.364; cardiac, p = 0.140; renal, p = 0.267, and limb, p = 0.753). These findings suggest the possibility that that LGEA represents an abnormality of developmental events or timing that may be distinct from non-LGEA, and it is not merely a severe manifestation of EA. This interpretation is broadly consistent with available data concerning the genetic and environmental factors that might contribute to esophageal malformations [10] .
How can we reconcile our results with a previous study [11] that found no statistically difference in the occurrence VACTERL-associated anomalies between subjects with LGEA and non-LGEA? It is notable that the rate of detection of VACTERL anomalies was considerably higher in our study, raising the possibility that we detected these anomalies with a greater sensitivity. A second possibility is that non-LGEA patients with higher numbers of VACTERL anomalies are preferentially referred to our hospital.
The genetic basis of EA remains poorly understood, with only in a small fraction of patients carrying chromosomal defects or single gene defects [1, [12] [13] [14] [15] [16] . We evaluated the role of CMA in EA infants with an unknown etiology (i.e. those patients without a known genetic or chromosomal diagnosis) and identified 4 CNV among the 42 patients analyzed. Reviewing the ClinGen database, we found that one of these CNV was associated with abnormal development [17, 18] , but it was not associated with EA or other foregut malformations. As such, in our cohort, CMA analysis did not provide any additional insight into the etiology of EA. It is important to note that CMA is not able to resolve smaller deletions and duplications, for example at the level of individual genes, which could potentially be revealed by other analytic methods such as Sanger sequencing.
There are a few limitations of our study. It is a retrospective single-institution study, and some of the findings may not be generalizable. For example, compared to other studies, we had a high proportion of LGEA patients, which is attributable to our institution being a referral center for LGEA [11] . Our cohort included complex patients, often transferred from other facilities, with complicated records and potentially inconsistent data collection, raising the possibility that despite all efforts some anatomical anomalies may have been missed. In addition, our CMA analysis covered only a subset of patients; this costly testing had been used clinically in only a subset of patients, and our study funds did not cover researchbased testing for this cohort.
In summary, in this study, we characterized a large cohort of subjects with EA and identified LGEA as a discrete phenotypic category that may reflect distinct developmental or potentially genetic etiologies. Genetic studies using various approaches including whole genome sequencing and identification of somatic mutations focused on this unique EA subgroup may help understand the underlying molecular defects.
